Abstract: Carbon nanofibres were grown at low temperatures on a novel fibre catalyst, palladium particles, using a novel method, growth in fuel rich combustion conditions. The growth of carbon filaments by this process was found to be remarkably rapid. Preliminary analysis of how changes in operating parameters, for example gas flow rate and reactant ratio, showed that fibre diameter and other factors such as helicity are very sensitive to the precise conditions employed, suggesting simple means to impact overall properties of the fibres. The ability to control diameter, helicity, and surface roughness are discussed with possible importance to advanced composites.
Introduction
The use of carbon nanofibres (CNFs), also called filaments, for advanced material applications is gaining attention. CNFs are being studied for their intrinsic properties and their potential in combination with other materials to form composites. The typical route of formation is via thermal decomposition of hydrocarbons on catalytic metal templates.
Palladium has recently been found to quickly catalyse carbon deposition in a partial combustion environment consisting of ethylene and oxygen (Atwater et al., 2009 ). Because of its ability to produce relative large fibre yields in relatively short times at low temperatures (<600 ºC), it shows potential as a viable medium in advanced composites. Not only does it perform well in producing carbon in bulk form, but the structure of the fibres can be tailored by varying reaction conditions without greatly affecting the overall growth rate. Hence, by varying temperature, reactant ratio, and/or flow rate, the morphology of the resulting fibres can be modified for enhanced interfacial properties. This customisation potential lends itself to meeting specific application requirements as needed.
Carbon fibre reinforced polymers (FRP) have benefited from the addition of carbon nanotubes (Coleman et al., 2006; Harris, 2004; Thostenson et al., 2001 ) and nanofibres (Joshi and Bhattacharyya, 2004; Hammel et al., 2004; Li et al., 2005; Chung, 2001; Ma et al., 2003; Ghose et al., 2006) . The failure of these types of composites is usually caused by fibre debonding or fibre pull out (Sakai et al., 2000; Leung and Li, 1990) . This can be approached by fibre surface functionalisation (Shi et al., 2003) to enhance the interfacial shear strength as well as increased dispersion in the matrix when an appropriate coating is employed. However, depending on the surfactant used, it may end up being an impurity in the composite and thus detrimental to the overall mechanical response of the composite. An alternative method is the addition of carbon nanofibres on the surface of traditional carbon fibres in the radial direction of the parent fibre (Downs and Baker, 1995) which has also been shown to increase the shear resistance.
The purpose of this work is to propose additive reinforcement for composites by using carbon nanofibres which may overcome debonding and pullout by a physical rather than chemical means. Note that the mechanisms described herein in do not exclude using chemical methods. To wit, these physical methods along with the chemical methods may be employed simultaneously. The physical strengthening mechanisms described refer to altering the morphology of the fibres thereby creating a greater mechanical interlock between the fibres and matrix and creating a larger surface area over which chemical bonding might occur.
In this study we focus on one catalyst for fibre growth that is rarely mentioned elsewhere in the literature: palladium. We also used a rarely employed gas environment: a fuel rich combustion environment containing ethylene and oxygen. Generally, fibres are grown in reducing gases such as a hydrocarbon mixed with hydrogen gas. The benefit of using a combustion process is its simplicity, scalability to mass manufacturing levels, and relatively low processing temperatures (<600 ºC).
It was found that carbon nanofibres grow with remarkable rates from both powders and sputtered films of palladium. Perhaps most importantly, filament growth rates from Pd catalysts are plausibly high enough to facilitate incorporation into full scale composite applications, which is a major obstacle in the use of nanoscale additives.
Methods
The following is intended to be an overview of the growth process for the CNFs; a full discussion is presented elsewhere (Atwater et al., 2009) . Pd nanopowder (<25nm, 99.9%) and Pd submicron powder (<1μm, 99.9%) were purchased from Sigma Aldrich, and used without modification. The powders were placed in ceramic boats, which were then placed inside a 50mm diameter quartz tube located in a single zone 50mm diameter tube furnace operated at atmospheric pressure.
For carbon deposition, a general recipe was followed where the reactor is initially purged using 600sccm with ultra high purity nitrogen (99.9999%) while heating the furnace. After reaching the desired temperature, the N 2 flow is stopped and replaced with a flow of 7% hydrogen in argon (99.99%) for 20min. After this reduction step, the H 2 /Ar flow is then replaced by 600 sccm of N 2 to purge the chamber. The N 2 flow is then reduced to 300 sccm and a chosen ratio of ethylene (chemically pure) to oxygen (99.99%) is introduced for a desired time. Gas flows were controlled via mass flow controllers.
The ratio of reactants and overall flow rates were varied to achieve the desired fibre morphologies. Scanning electron microscopy was carried out using a Hitachi S5200 Nano SEM to capture images of the as-deposited carbon.
Morphologies
Based on the processing conditions, a variety of morphologies can be achieved. The fibre structure will have a direct impact not only on the properties of the fibre itself, but on how load is transferred between the matrix and nanofibre. By exploiting the physical structure of the carbon nanofibres, it is possible that the interfacial shear strength may be sufficient as to not require a chemical treatment for adequate strength. However, this method should most profitably be used in conjunction with chemical bonding to enhance nanofibre dispersion and increase interfacial contact of the nanofibres with the matrix. Three general morphological considerations are made specifically for this purpose; size control, surface roughness and helicity.
Fibre diameter
Nanofibre diameter is the most basic parameter and simplest to control. It is also perhaps the most important quality to achieving desired composite properties. Typically, a fibre will be equally sized with the catalyst particle from which it is generated (De Jong, 2000) , but when growing carbon nanofibres from large particles (>500nm), it is more difficult to predict resulting fibre size since fractionation of the particles tends to produce inconsistent fibre sizes. Thus, controlling catalyst particle size is the key to controlling fibre diameter and consequently composite properties.
However, in the present work, we endeavoured to show that other factors, easily controlled can also impact diameter. For example, we found that gross gas flow rate over the catalysts particles had a remarkable impact. In Figure 1 (a) which is representative of a typical fibre yield at 15sccm each of oxygen and ethylene (1:1) at 550 ºC fibre diameter is varied and significantly larger than when grown at 100sccm each of oxygen and ethylene (Figure 1(b) ), even where the temperature and reactant ratio remained the same. This method of reducing the fibre size was successful with indifference to the catalyst size. Controlling the diameter and the variation in diameter is important for individual fibre properties and also overall composite properties as greater uniformity in the fibres will yield greater predictability in the composite.
Fibre helicity
Another interesting fibre trait that can be consistently reproduced is the helicity, or degree of twist, along its longitudinal axis. Variations in the cross-sectional area of a nanofibre, that are capable of being penetrated by the matrix material, are a path to better load transfer between the matrix and nanofibres. Even if interfacial bonding is compromised, the physical interference (mechanical interlocking) of the nanofibre with the matrix could restrict nanofibre pullout. This occurs when the larger cross sections of the fibres encounter the smaller cavities of matrix material, created by the smaller cross sections of the fibre, during pullout. The manner with which the cross section varies will also play a role in how the nanofibres distribute the load pre and post pullout. Random variations in the cross sectional diameter would create areas of high and low stress along the length of the nanofibre, while a periodically varying diameter would help to more evenly transfer the load along the length of the nanofibre. Commonly, helical nanofibres of periodically varying diameters are created in this process. One such example is shown in Figure 2 .
There are various methods for producing helical fibres, but typically include the use of alloys (Baker et al., 1975) or other non-metallic additives (Rodriguez, 1993) . In this work, only pure Pd particles were used. Helical nanofibre morphology was typical for Pd catalysed carbon at elevated temperatures (i.e. above 600 ºC). The fibre diameters are typically less than 100nm, but again are a function of flow as described in the preceding section. 
Fibre roughness
The last fibre morphology presented is that concerning surface roughness. Similar to the helical fibres, a rough surface will increase the frictional resistance to sliding and hence, the interfacial shear strength will see a concomitant rise. Indeed, this particular case has been shown to cause an increase in initial sliding stress (Mackin et al., 1992) . To achieve a roughened surface architecture, the gas ratio was reduced from 1:1 to 1:2 (ethylene to oxygen) at a temperature of 550 ºC. This morphology is shown in Figure 3 . 
Discussion
There are many choices for catalysing carbon nanofibres; Pd demonstrates some key characteristics that are useful for reinforcement of composites. Some of the benefits of palladium are that it grows fibres quickly (>1µm/min), sustains that growth for as long as tested (~24hrs), and the resulting morphology can be controlled as a function of reactant gas ratio, flow rates, and temperature. The use of a 'combustion environment' for growth also has advantages. The reactant gases used here are common and inexpensive. Also, they require no special handling as some other gas types (e.g. acetylene)
, and yet relatively low temperatures can be employed and growth rates are remarkable. Also of importance is the robustness of the Pd catalysed carbon nanofibre growth. As found in previous work (Atwater et al., 2009) , the temperature window for growth extends from below 350ºC to above 650ºC. This wide range, especially the lower temperatures, could be useful for incorporation of nanofibre onto traditional carbon fibres. As found by Downs and Baker (1995) , the addition of carbon nanofibres to the surface of carbon fibres yielded an improvement of nearly five times the interfacial shear strength. Low temperature processing of Pd CNFs with these tunable properties could act to improve this number even more without damage to the parent fibre which is more likely at higher temperatures.
A major roadblock that is not addressed through morphology is that of uniform dispersion in the matrix. This common hurdle may be overcome through the functionalisation of the fibre surface. This has been shown to work well with both carbon nanotubes and nanofibres (Lin et al., 2003; Shi et al., 2003) . Since even a well-controlled morphology will not serve to benefit the composite if agglomeration occurs, it reasons that it would be important to consider functionalisation. The shape and texture of the previously discussed nanofibres is not to replace current methods of interfacial strengthening but rather to supplement them and provide an improved overall product by the tuning of small scale features.
Conclusions
In this study, we established that Pd is an excellent catalyst for carbon fibre growth from a low temperature combustion environment, and therefore a viable candidate for incorporation in advanced composites. Moreover, we showed, for the first time, how sensitive fibre structure is to parameters that intuitively should have no influence on growth, such as gross gas flow rate and gas ratios. This indicates that from a single catalyst in the same two gases (i.e. ethylene and oxygen) a variety of morphologies can be produced. From the control of these morphologies, macroscale composite properties may be improved.
